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ABSTRACT 

A systematic study of pn cnflNatfCns into three cr (acre piens Has been 

performed in the region ef the enhancement in the I s l , NN total crass section 

at 2 1 9 0 HeV. Cross sections arn reported for the final s t a t e s s*2s~. 

«*2*-e*, e*2B-(mml2e'), 2e»3«- . 2s*3ff"ii« and 2tr'3ir(raras2H*). Assumift$ 

the enhancement is duo to a resonance, a simple model is used to estimate the 

amount of resonance present in each final s tate . The fits result in some 

resonance in aD final s tates , and at the 9 5 2 confidence level, ncn-zero lower 

Emits exist for the final s ta tes «*2fl*. **2sT«* and 2**3ir. 



1. INTRODUCTION 

Zn a high statistics counter experiment. Abrams et. ai.1 measured the pp 

and pd total cross secticns between 1.0 efts' 3 3 0«v/c incident beam 

momentum. In their resulting unfolded 1=1. fM total cross section, shown in 

figure (1), they observed two bumps at 132 G«V/c and 1.77 QeV/c over a 

smooth background of about 100 mb. Assuming that each, of In* bumps is a 

result of a single resonance, their fits to the 1=1 total crass section gave the 

foloving Breit-Wigner parametcrs: 

a) n > 2190 n«y. T ' 85 flsV and height SJS mtu 

b) n « 2350 MeV. P « 140 HeV and height 3 i mb-

V* thai refer to the** two structures as the T an4 U-messns respective))'.* 

We report a study of the pd interactions at ileoanal p beam momenta of 

L O . U . U . 1 3 . 1.4, L 5 « i > J U OeV/c This experiment is a cofeborolive 

effort between various minim i of four laboratories seated at Padova. Pisa, 

Torino and Bsrkeitv.1 and was designed to study the pure I s i . p i interactions 

in the T-nesan region. The beam momenta were chosen to give overlapping pn 

center of moss energy when the Fermi momentum of the neutron in the 

deuteron is taken into account. The exposure consisted of 370.000 pictures in 

the COW 81 cm. deuterium fSed bubble chamber. The <lm was scanned at 

Padtva, Pisa and Torino, and a selected sample of events was measured and 

processed at Berkeley. The processed data has been analyzed at aa four lass. 

Ve have already resorted on preEminGry work done on the pn partial 

cross sections,4 on the structure In the pn*o*2s~ OaStz plot9 and on the 

pft*K?te cross sections-* T l » report concerns the topological crass sections 

and the reaction cross sections for pn anftch2atjens. 
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The broad bufnp at m s 2190 rieV (the T-me«n) observed by Abrcms et. 

aL1 has been confirmed in the pp total eras; section with the Rutgers 

Annihilation Spectrometer.7 From bubble chamber data for single-pion 

production in pp and pn interactions, it has been shown that the bump is not 

caused by the HNs channei.*,J*~10 In o pp bubble chamber experiment 

Kathflcisch et. aL have reported evidence for an enhancement in the p'p'o* 

channel at 219C tteV.11 In another pp bubble chamber experiment Donald et. 

aL, in disagreemsnt with Kalbfleisch e t al. find no structure in the p"p*o* 

channel.12 There are several recent reviews of the experimental situation.1 3 - 1 5 

Assuming that the T-mesan is an s-channe] resonance 01' the NN system, 

we shal study the pn cnnffi&aticns into pions in order to determine if it decays 

into any of these final states. The pn system is a pure 1=1 state which makes 

this type of analysis favorable. A disadvantage is that ve must extract pn 

cross sections from pd interactions and correct for the effects of the 

deutcrcn. 

The detois of the scan, including total and topctogjccl cross sections is 

discussed in section H. In section III we describe the processing of events 

used to determine the pd cross sections for reactions with three or mere 

charged particles in the final state in addition to a final state proton which 

stops in the but&e chamber. Section IV considers the problem of extracting pn 

cross sections from pd data, and in section V we discuss the relation between 

these cross sections end the T-meson. Section VI gr*es cur conclusions 

derived from this analysis, the main conclusion being that no one final state is 

responsible for the enhancement known as the T-meson. 
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U THE SCAN 

Our definition of topologies is illustrated in figure (2). Even prong events 

tn which one of the prongs is a dark stopping track art cal/cd odd prongs in this 

scheme; the dark track is a low momentum proton which can be identified a s a 

"spectator" of the pn interaction. 

The film was scanned for oQ interactions within a specified fiducial volume 

of the bubble chamber, and the total number of entering beam tracks was 

counted. The effort of scanning was divided between Padova. Pisa and Torino. 

Far aQ momentum settings except 3JO GeV/c each of the three labs scanned 

approximately on* third of the fern. The 1.0 OeV/c fflm was oJ scanned a t 

Torino. In addition about 14X of the 3-2 GeV/c f3m was rcscanncd at Padova. 

Table (1) gives the number of interactions and beam tracks found tn the first 

scan. 

By counting * rays on the beam tracks and noting how many of the beam 

tracks with S rays interact in the bubble chamber, we have determined that a t 

UD and UZ GeV/c the beam was contaminated with &J2X u.'s and 3J5X IT'S. At 

the other momentum settings a different beam transport was used, and tn 

these runs the beam contamination was less than 0.55J. At 5-0 and 3-2 G* w /_ 

we decrease the number of beam tracks by 9.72, and using known a~d 

topological cross sections, we correct the scan numbers for the corresponding 

topologies ccc*rt£ng;y. 

From the second scan performed a t Padova, we have calculated scan 

efficiencies for aD topologies except the i -prongs which are considered in the 

next paragraph. Scan efficiencies are about 933! for aH topologies except 

O-prongs for which the scan efficiency ts 81S . I t was found that interactions 
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which were classified a t O-prcngs an the first scan did not change topology on 

the second scan. This was not true for other top' ogles however, and the 

efficiency for counting all interactions together (which were not O-prongs) was 

found to be 96X. Ve increased the number of O-prongs by the factor 9 6 / 8 1 

for aB beam momenta and aU labs, although the seen efficiencies wer* 

calculated ** only for 1.2 GeV/c events scanned at Padtva. V« have not 

determined the efficiency of counting beam tracks, but we shall assume that it 

is also 96X. This is probably an underestimate, but w i only lead to a scale 

error. 

In a study performed a t Padova, the 1-preng losses in the forward 

direction nave been evaluated by an extrapolation of the distribution of events 

vs . lab scattering angle projected onto the scan table. I t is estimated that the 

number of 1-prong events lost in the forward direction is 10±2X of the total 

number of events found in the first scan and is independent of beam momentum 

over our range. Due to deferences in the scanning, we use 10.6±2X and 

73±2X to correct for 1,-prong losses in the film scanned a t Pisa and Torino 

respectively. These numbers were determined by requiring that the average 

resulting fractions of 1-prengs be the same as for Padova. 

Table (2) gives the corrected numbers of events and beam tracks (all 

with a constant scan efficiency of 96%, for which no correction has been made). 

Total cross sections based on the corrected scan numbers for each of the 

three tabs separately arm shown in figure (3). The errors shown include a 2% 

error added in quadrature to the statistical errors to account for 

uncertainties in the 1-prong corrections. The statistical errors vary between 

033! and 1~Q£. so that the uncertainties in the 1-prong corrections dominate 

and give rise to the large €rror bars shewn. For comparison, we also show on 
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figure (3) the more accurately determined total cross section of Abrams et . 

aL.* The agreement is good. 

Far the purpose of calculating topological cross sections, we normalize 

our total cross sections for each tab at each momentum separately to the pd 

total cross section of Abrams et. aLL This is done to minimize the effect of 

the unknown efficiency in counting faeam track. Table (3) gives the topological 

cross sections which are a weighted average of the normalized cross sections 

frem the three labs. 

As can be seen in figure (3), the cross section of Abrams et. aL has a 

four or five mSEbarn bump at 1 3 GeV/c. The bump arises from the 1=1, NH 

cross section enhancement at 2 1 9 0 HeV (the T-mcson) which has been smeared 

out due to the Fermi motion inside the dcutcron. The bump in the pd crass 

section is only a few per cent of the total, and the rencrmalization of our data 

introduces no bump which was not already there. 
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HI. MEASUREMENT AND EVENT SEPARATION 

AH events of the 3—prong and 5-prong topologies were selected for 

measurement on the spiral reader and processed through the 

POOH-TVOP-SQUAU chain. I t is impassible to determine whether small angle 

1-prong events ar» pn, pp or pd interactions. We do not consider reactions 

from the 1-prong topology in this report. Each event was tested for 

consistancy with all hypotheses listed in table (4) appropriate to its topology. 

Events failing to have *s successful fit or missing mass calculation were 

remsasurcd and reprocessed one time. Tie overall passing rat* was about 80% 

for 3-prongs and 70S for 5—prongs. Events not successfully processed fail 

into one of the following catagories: 

a) 17X of the failures were spiral reader operator rejects (wrong event 

type, wrong beam track or event not on the framel. 

b) 213C of the faSures were due to the inability of the filter program to 

find the correct track images. 

c) 11% of tiie failures had a track which had large point scatter or 

could otherwise not be reconstructed. 

d* 243S of the failures had a measured beam mop*entum which was not 

consistant with a value previously determined for each momentum setting. (This 

will occur if the beam particle has scattered before entering the bubble 

chamber.) 

e) 10% of th* failures were due to spiral reader operator errors. They 

had no track which was flagged stopping by the spiral reader operator, but hey 

were scanned as events with a stopping proton. 

f) 17X of the failures had measurements which were inconsistent with 
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energy and momentum balance tor oil hypotheses tastea. 

g) 3% of the events, after hawing passed successfully through tha chain, 

were rejected for hoving had a track for which tha momwitum coutd not be 

adequately datermintd resulting in a reduction of tha number of constraints. 

(This was deemed necessary since missing mass calculations are not possible for 

such events.) 

From a study of the first and second measurements with successful Tits 

or missing mass calculations, we have determined the* the combined 

measurement and processing efficiency is independent of the particular 

reaction within a given topology for events with spectator proton memento 'ess 

than 1 5 0 HeV/c. There are two reasons for using this subsampls of events. 

First, we expect these events to be much less contaminated with events in 

which the- proton participated strongly in the interaction. Second, longer proton 

tracks have a higher probability of being scattered. Since we demand 

momentum from range for the proton track (unless it is too short to be visible) 

events with higher proton momenta have a different failure rate. In whet 

follows we shall be referring to the subsampfe of events with spectator proton 

momenta less than 1 5 0 tteV/c unless we explicitly s ta te otherwise. 

Appendix A outlines the selection criteria used t? separate events into 

their most probable hypotheses on an cvent-by-event basis. I t was found that 

ambiguities between the final s ta te s p iT&tTv* vs. pBTr*2tx~(mnm) and 

p 2ff*3tf~tr° vs. p 2n*3tT(mmo) could not be reliably resolved en an 

evert—by—event basis, tp indicates a stopping proton and (irannj indicates 

missing neutrols with invariant mass greater than the macs of a tr.] A 

statistical separation was made between these final states using the missing 

mass squared and its error from each even* within a given range (mm* < 0 3 
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0 « v 3 for the 3-prcngs and mm3 < 0.2 Q*V3 for (he S-prongi). At) events with 

larger mm3 are assumed to belong to the (rising mate catagories. A maximum 

likelihood fit was performed which optimized three parameters: 

a) the o* mass. 

b) the number of pd-^p^ti'SH'ti* (or p -2u"3a"a*) events and 

c) the number of pd-*p n*2n~(mmn) events with mm2 < 0 3 GeV3 [or 

p -2n*3o*(mmn) events with mm2 < 0.2 GeV2]. 

The experimental vatue of the w° mass is included as a parameter in the fit 

since small systematic errors in the beam momentum or spectator momentum 

may bias the resulting missing mass calculation. The theoretical spectrum to 

which we fit the data Es made up of a delta function at the square of the fitted 

v* mass and a Lorentz invariant phase space approximation to the 2n* 

mvartant mass squared distribution of the reaction pd-*p>tr*2n~2n° (or 

PC^P>2H*3ir2tr ,K We cut the data at mm2 = 0 3 GeV2 (or 0.2 GeV2) so that 

we include aD of the single a* events and still hav i a simple approximation to the 

included rauiti «" phase space. 

In figure (4) we show the combined missing mass squared spectra of the 

events used in the fits. The superimposed curves represent the expected 

distributions based on our estimate of the numbers of single rt° and missing 

mass events. The sharply peaked {large dashed) curve is a sum of Gaussians 

centered at the fitted fl" mass. For each event with mm2 < 0.05 GcVz a 

Gaussian with standard deviation equal to the error in mm2 was added, and 

finally the curve was renormaCzed to the fitted number of single n° events. 

Similarly, the second (small dashed) curve was obtained by folding Gaussians with 

cur approximation to the 2n* invariant mass squared distribution. In this case 

the Gaussians added had standard deviations equal to the error in mm2 for the 
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events with mm3 > 0.0? OeV2. The sum of these two curves (the scEd curve) Is 

also shown. 

Besults of the separation of events into various final states are given in 

table (4). In the tables we have not included numbers for the reaction 

pd+p pp»* the details of which have been reported elsewhere.* The reader is 

warned that numbers for the one—constraint and zero-constraint hypotheses 

with kaons are to be considered as lower limits on the actual numbers of events 

of this type due to the separation procedure of appendix A. Errors introduced 

into other final states for this reason arc negligible since the cross sections 

for processes involving kaons arc very smaJL 
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IV. CROSS SECTIONS FOR THE REACTIONS pn-n's 

A first approximation to neutron cross sections is obtained by making a 

simple subtraction of the crass section on protons from the cross section on 

deutcrans. One of the assumptions of this procedure is that the individual 

proton and neutron cross sections arm smaO compared to the square of th* 

distance between the nudeans-1* Glauber hcs evaluated the following first 

order correction to account for the finite si2e of these cross sections, 1 7 

a ~ a + c — ha * p » 

where {r~ 2 } is the average inverse square separation of the nudeons within the 

deuteron. 

The correction term 2a can be intuitively thought of as a shadow effect 

on each of th* nudeons by interactions of the beam with the other nudcon* 

The effect is to deplete the flux of th* beam parfjdes on each of the nudcons. 

Because <r. and o-_ are nearly equal throughout our momentum range, 1 we 

shaS correct for U\* shadow mfftci by increasing each cross section by the 

factor, 

s = bft + l')/°la 

Abrams et. aL 1 have evaluated &o for pd interactions at becm momenta of 1-0 

and 1-5 GeV/c to be 2 4 3 1 and 2 0 3 1 mb. respectively. This gives us two 

determinations for the factor s within our momentum range (1.117 and 1.112 

1 0 



respectively) which differ by less than 0J5X. We use the average value. 

• = 3*114 

Another large effect which cannot be ignored in the extraction of pn 

cross sections from pd Interactions ts the abundance of events with spectator 

momenta larger than that which Es predicted by the deuteron wave function. 

The abundance of such events causes "feed-up" f.-an our 3 and 5-prcngs to 

our 4 and 6-prongs respecVvely when long proton tracks leave the bubble 

chamber. Evidence of this e f fect is the large difference between our (shadow 

corrected) 4 and 6-prong cross sections and the 4 and 6-prong crocs 

sections from pp interactions.**1*-1"-1* shown in figure (5). In appendbt B we 

compare our even prong topofogieoJ cross sections with the corresponding pp 

topological cross sections and show that final s ta te scattering of pn 

anneMation products on the spectator proton may be responsible for many of 

the large momentum protons. 

We have made a first order correction for f eed-up" En the following way. 

Two factors, f3 and f3, have been determined such that the quantities, 

s - ( c 4 - fj**^) and 

s»(o-s - f5-ff5J. 

would be most compatible with the 4 and 6-prong pp cross sections 

respectively. We have determined thase two factors to be, 

f3 =030 
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f , « 0.27 

This finally gives us th« f osoving pn 'topological cross sections" which have btsn 

corrected for both the shadow offset'and for "feed-up*: 

«Ipn-»3-pranas) m s-(l • f 3)"»j 

•Ipn-»5-prongs) = s-ll • f,)»«s 

Figurs (6) shows th« effect of thus corrections on cur 3 and 5-prong eross» 

sections, and tabi* (5) gives the nunerical results. 

To determine the pn reaction cross sections we take the fraction of 

events in a given final state [from table (411 and multiply by the correspond*^ 

pn 'topological cress section' tfrem table 15)1. We present the reectioft crors 

sections for £n*s"s in taste {6%. These cross sections or* smeared out due to 

the Fermi nation of the target neutron and the spread in boon momentum. 

Figure (7) shows a plat of these cross sections vs. beam momentum. The 

curves are fits to the data which are deserted in the fotoving section. 
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V. FITS TO THE T-nXSON 

W* oak* Urn tantathr* astamatian that tSa 5 3 ma. raaartad by nbran* 

• t oL 1 l> « nsananca and U H a ainaia modal ta a*U»ata haw -meh af it is in 

tha 3 and 5-srana taaataakai eras* tactions of toMa (5) and lha gn pjon 

simHatian crass ucUtns af takla (6). Ua saramatariza Uiasa raactian c r u t 

sactlans by a atataaia background and two Irait-Vianar rasanonea functians 

far tha T and U-matans. Far lha Srait-Wanafa a t m Ua paraatatars 

eatarminad by Abram at. oi. in thair fit ta tha uifakiad Xal , NN total cross 

•action Ca. m*3190 KaV. r«85 HaV far lha T-awsan: a»2350 HaV. r«140 

rlaV far tha » iaaan)> Tha bacbaraund v * use ia a>»-\ uhara pCE) is tha lab 

baaaa •aanntiaa farraaaana%i|| ta stationary fraa nsutran* and CJB. anaray E. 

This aactiarauAd is atsnatanic and mii'Jia (far a aaaitiva) and carrcaaand* to a 

inaar aackaraund an a Ha, l«a alat. Tha aaramtarizad era** saclien is ahran 

by. 

*m • «*-• • V M 2 1 * 0 - 8 5 ) * v , u l 2 3 5 a i 4 0 1 

wnara, 

f • QP - (m. • a^J»HE» -Cm. - m^l/Km.)}* 

»M»XI • rvt«re - mj" • r»i 

a. ( . a , and a,, ara paramatara ta ba flltad. and n_ and ««, ar* tha nautrar- end 

anUaratan esaxaas rasaacOaly. Tha aVait-yionar function has unit hajght ot 

tha cantar. *» that a , and a,, ara tha fittad haiehts of tha T and U-ns*efts 

rassacUnly. 

Tha pcrenatariztd era** sections arm folded with tha Farm* motion of 
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tha target nautran or* tha e*»s> spread and compered with eur ezperimental 

crati sections af table (6). Tha datals of tha feidng procedure ara given in 

asaandU C. Va adjust tha parameters to obtain tha bast fit in tha laast 

•eueres Sanaa. Tha U-meson nay influence sane of tha fits because it 

overlaps with tha T-meson. Va da not expect to ba able to determine tha 

oawunt of U-mason since our range of momenta only alow* us to explore up to 

about 2350 HaV in cav. energy- Table (7) snows our dataraination of tha 

amount of T-masan present h aach final stata as w*» as tha eonfidanea levels 

af tha fits. Figura {71 shows tha data with a curva which raprasants tha fit. 

Tha daahad c u m raprasants tha backgreund tarm only. 

For tha atara higNy constrained events (our four-constraint hypotheses) 

wa can make a better determination of tha raoction cross sections. Tha 

faur-canatrakit fits giva us a rathsr wee determined measurement of tha 

spectator proton awanti— tavan whan H is terisfels in tha bubbla chamber). 

Tharafara wa also have a good mannromont af tha $n cjn. anargy. Knowledge 

ef tha flux af baoat particles and tha datrtution of avants as functions of cm. 

anargy and spsctatar proton momentum gives us a dVeet measurement of tha 

unfoidad creas section. Furthar datals of this procsdura ara given in appendix 

a 
Ratulls of tha measurement of tha cross sections for tha two reactions, 

pn-*s*2*~ and pn*2a*3w~ ara shown in figura (8). Tha curves shown ara fits 

to tha crass sactions using tha aoraa functional form as above. Results of 

these fits are given in table (8). For comparison we also show En figure (8) the 

smal dashed curves which represent the results of the fits of table (7). The 

results of the fits of table (8) ara compatible with those of table (7), and the 

parameters of table (8) en batter determined. This is because we have used 
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additional information from each event. oJUowgh the same events were used. 

AD of the fits of tables (7) and (8) have oectptablt confidence levels. 

For many of them the fitted amounts of U-meson is larger than the total of 

3.2 mb. seen by Abrams et. a l 1 As wc s tated earlier, the fitted values of o u do 

not represent accurate measurements, bux we have included a u a s a parameter 

since the T and U-mesons overlap. The parameters a. and a„ always have 

positive correlation, so that if a is large we «re probably overestimating a. . 

TKe quoted errors of a,, (and a^) take into account correlations with the other 

parameters. In what foSows an "x standard deviation effect" re fers to the 

statistical sjgnificance of the parameter o^ fJc. x s Oj/lc^). 

Looking first at the "pn topological cross sections' on* may hope to find 

a due as to which topology to pursup n search of the decay modes of the 

T-meson. Ve have already ruled out thei sinale-pton produ: *ton a s a source of 

the enhancement, so that w« consider only 3-prong annihilations and th* total 

5-prongs which are a l anriheations. The 3-prong anHhiatiofts have a 2 3 

standard deviation effect, and we may place a lover limit of 1.75 mb. of 

T-meson present at a confidence level of 95%. In the 5-prongs we have a £-1 

standard deviation effect with a lover Emit of 0.04 mb. at a confidence level of 

95X. Hence it appears that we should look for decay modes of the T-tnescn in 

the 3-prong annihilation reactions. (For completeness we also leak at the 

5—prong reactions.) 

pn-Mfgq" 

Here we have a four—constraint fit for which we have determined the cross 

section as a function of cjn. energy. The fit of table (SJ gives a *Li standard 

deviation effect, and we have a lower Emit of OJ39 mb. of T-meson at a 9 5 2 

confidence level. 
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gn<s ,as-«» 

Of the reactions we have studied, this one hos the largest amount of T-mason 

present. Table (?) shows o 2J0 standard deviation effect, and we place a lower 

Emit of 0.60 mb. of T in this channel at a confidence level of 95X. 

This reaction has a 0 £ standard deviation effect and is consistent with no 

T-«sten at a confidence level of SIX. 

pn*2w*3«~ 

Here again we have a four-constraint fit for which we have determined the 

cross section as a function of cjn. energy. The fit of table (8) gives a 2J0 

standard deviation effect and a lower bait of CIO mb. of f-meson at 95X a 

confidence level 

gn»;>«*3«"»* and Sn-»2«,3s-(«ms) 

These reactions both have 0.6 standard deviation effects and are consistent 

with no T-tsesen at a confidence level of 27X. 

We have also combined several reactions af Bia G-paritv and fit them. 

By combining reactions we have higher statistics, and tha determination of the 

amount of T melon should be better if the reaction we combine have 

Lgnificant amount* of T. 

pn-»«*2«~ plus 5n»2s*3»~ 

Both of the final states have negative 0-oarity. Both are four-constraint 

fits, and we see from table (B) that there is a 2.9 standard deviation effect in 

their sum. This gives us o toeer Emit of 039 mb. of T-mcson present at a 

confidence level of 95%. 

pn*«*2«~«» plu* 5n-»2«*5»~s* 

These fmal states bath have positive G-pcrity. and we see from table (71 that 
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this combination gives us a 1.9 standard deviation effect for their sum. Ue 

place a tower Emit of 0.43 mb. of T-meson a t a confidence level of 95%. Note 

that rather than enhancing the acc*r-acy of the determination of the amount 

of T—meson, we have washed out the more significant effect in pn^n*2n - «* by 

adding pn-»2ti*3ff"tJ* which was consistent with no T—meson at aQ. 
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VI. CONCLUSIONS 

Vt hsvt presented th* results of a systematic study of pft annihilatians 

into piofts obtained from 3 and 5—prong pd interactions in the momentum region 

1.0 to 1-6 GsV/c We have attempted to uncover the source of the 5.5 mb. 

enhancement in the unfolded 1=1, NN tola' cross section known a s th* T-meson 

which was observed by Ahraros et. cX l In a previous paper,* we have 

presented evidence that a threshold effect in the reaction pn-»pp«~ is not 

responsible for the enhancement, a s was originally conjectured by Abrams et. 

air This conclusion is substantiated by pubEshsd pp and pn singtc-pion 

production cross sections from other experiments."' 1 0 

In this report we have presented pd topological crass sections, "pn 

topological cress sections' for 3 and 5-prongs which have been corrected for 

th* shadow effect and "feed-up" and pn reaction cross sections which arise 

from the 3 and 5-prong toeafoajts. Assuming that the T-meson is an 

s-channel resonance of the pn system, we have attempted to ascertain 

whether it decays M o any of the pwn annexation channels of tt* 3 and 

5-pronos. 

The largest e f f ec t we have found fn a single channel is in the **2e~e* 

positive G-earity final s ta te , V* have put a lower Emit of O 6 0 mb. of T-meson 

in this final s ta t e a t a confidence level of 95Z- We have also found smaBtr but 

statistical/ significant amounts of T-meson in th* hegathre G-pcrity final 

s ta tes s*2*~ and 2s*3«~ . We have put a tower Emit of 0 3 9 mb, of T-meson on 

the sum of these final s t a t e s at a confidence level of 95JL 
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APPENDIX A, SELECTION CRITERIA FOR 3 AND S-PRONOS 

1. Fits are defined as: 

a) fom—constraint Q-annihQatton hypotheses having kinematic 

confidence level fc 1G~5, 

b) other hypotheses without kaons having kinematic confidence level & 

icr 3 . 

c) hypotheses with kaons having kinematic confidence level £ 10~ z . 

2. Four classes of fits arc put mto a hierarchy in the following way (from high 

to low priority): 

a) aB constrained fits except one—constraint fits with kaons, 

bl Kissing mass calculations without kaons, 

c) one-constraint fits with kaons, 

d) missing mass calculations with kaons. 

3 . Selection criteria follow: 

a) Take the fit/(missing mass calculation) which has the best kinematic 

confidence level/(mcst consistant ionization pulse height) from the d o s s 

with the highest priority. 

b) The only exception to 3a) is that when the best fit is a 

one-constraint it-annihilation and the second best fit is a 

four—constraint n—aimffiSation, take the four—constraint fit. 

c) After a selection has been made a missing mass cut is made. The 

event is discarded if missing mass squared (or corresponding missing 

mass squared) is below minimum. (—0̂ 3 GeV2 for 3—prongs and —0̂ 2 

GeV2 for 5—prongs) 
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APPENDIX B. COMPARISON OF pd AND pp TOPOLOGICAL CROSS SECTIONS 

Figures (5a,b) show our (shadow corrected] 4 and 6-prong cross 

sections aiong with 4 and 6-prong cross sections from pp experiments . - * t l ' t , * x * 

Wa con see that the 4 and 6-prong deuterium cross sections are both high (on 

excess of s 8 mb. in the 4-prongs and = 3.2 mb. in the 6-prongs) with respect 

to the hydrogen data. We have investigated several possible explanations for 

this. 

High momentum spectator protons from pn interactions may leave the 

bubble chamber before stopping or not be identified as stopping by scanners 

and cause "feed-up" from 3 to 4-prongs and from 5 to 6-prongs. This effect 

should depend to a certain extent on the interaction point and the orientation 

of the spectator. This hypothesis has been tested by counting the number of 

spectator protons in the 3 and 5—prong catagortes which go toward the inside 

and the outside of the chamber. An asymmetry exists which favors the 

protons which go toward the inside of the chamber, but the e f fec t is small 

compared to our excess of 4 and 6—prang events. 

Above a certain momentum, all protons wQl leave the bubble chamber. 

The dimensions of the bubble chamber are 5QxCQx30 cm, and we estimate that 

on the average, pn events with spectators longer than 3 0 cm- wtS be "fed—up" 

to the corresponding even prong topology. This corresponds to a loss of 2-7S 

assuming the spectator momentum distribution is given by the rteGee wave 

function 1 3 and leads to the following losses, 

o- s 2 5 mb. •* .7 mb. lost to o 4 

a = H mb. -* .3 mb. lost to c f i 
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This Itovts us with on excess of about 7.3 »b. in the 4-pronas and 2.9 ink. «n 

the 6-erongs. 

Secondary particles produced in a (n interaction may eteslicaSy scatter 

on th« spectator proton gnring it tnough energy to leave tht bubble chamber. 

This wB b« particularly favorable for • ' • in the 6(12361 resonance region. Ve 

now perform art order of magnitude cokuletien to show tMt this effect may be 

resccnsfele for our excess events. The fractions of 3 and 5-pronas "fed-up" 

are approximatefy. 

fl»4/(#, + A»«) - 7 .3 /323 • 23X 

Estimating an averge of 6 final state particles, we need about 3£X probabfity 

for any of the final state particles to dasticaty scatter en the proton and 

drive it out of the bubble chawber. The average cross section for such o 

process should be about, 

* s 1035X4*0?) = (JD35X««X3xl0-« emj* = 18 mb. 

where d is the average diameter of the devteren. Such a crass section docs 

not seen unreasonable for pkms on protons. To Oustrate the effect we show 

in figures (9a,b) the total spectrum of **p and f"p masses for the two 

four-constraint fits, pd-*p **2*~ and pd*pB2**3*"" respectively. There Is- a 

constderabie depfetien oi e *ents in the «*p mass region around the aii£5o}. 

To first order, we assume that the 3 and S-prcnas arm depleted by 
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C*ASt«M ftcters f*r ' f t td-u** * w ©**• netufttm ran*,*, TMs* factors. 

which «r« determined in f tctien IV, ere 

f , / U * t s» o 23X 

f , / ( l • f 4 ) o 21X 

"ftd-vp - from the 3 and S-prenss rcsycctivcfy. Fiatr* (6) fth«v* the affect «f 

t h n * ccrrtetiefts on A T 3 end 5-proftg cross sections. 
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mcraxx c FOLOIHO ram HOTION AND BEAR SPREAD WITH $n CROSS 

SECTIONS 

Our task h v i is to take *(E}. a pn reaction crass section for frit 

neutrons as a function of cm. energy E. and from it and the properties of the 

deuteren and of o r beam, to determine the pn cross section w« would measure 

at ene of our nominal beam momenta. Ve assume that our measured crass 

section has been property corrected for the shadow effect and "feed-up" as 

discussed in station IV. Ve refer to any ana of the measured cross sections 

of toots (7) which are based an the subsampks af events with spectator proton 

momenta lass than 150 HeV/c in the lab. 

Far the dfetribution af proton momenta within the deuteran w* take a 

distribution derived from the conflagration space wava function af licOee.20 Ve 

hare rwrmassed this attribution such that its integral from zero to 150 PleV/c 

is aaual to unity. The attribution is denoted by gu>p), where pp H the momentum 

of the spectator proton. The angular distribution of spectator proton 

momenta is uiiumeJ to be isotropic in the lab. 

Since the deuteren is at rest in the lab. the anticroton interacts with a 

neutron which has momentum equal but opposite to that of the spectator 

proton. The CA. energy of the pn system is taken to be equal to the invariant 

mass of the system node up of a! outgoing particles except the spectator 

proton, so that the neutron is off-mass-shel. Here we make no correction far 

off-mass-she9 effects. 

Since the neutron is not at rest in the lab, the fkn of beam particles as 

observed h the neutron rest frame wS9 vary depending en the magnitude and 

direction of the velocity af the neutron. Ve take account of this effect by the 
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use of o "flux factor". 

Following Matter's formulation of a Larcntz invariant cross section,** the 

number of interactions per unit time and per unit volume of target is 

N = ffF 

where a is the cross section and 

F = ( P j / E J f o ^ l U p p g P - (pgftpgpp 

p is the density of partidcs, E ts the energy and p* is a four-momentum. The 

subscripts 1 and 2 refer to the beam and target respectively. The quantities 

p /E are invariants as is the expression in the square bracket. Evaluatmg F in 

the res t frame of the target particle we get the fandtar result 

F = ( p 1 / E 1 U p z / E 2 J [ E H ~ mfn£fi 

or 
N/p # interactions / target particle / unit time 
o v # incident particles / unit area / unit tan* 

where v, is the velocity of the beam particles. 

The 'flux factor" we construct is given by, 

f ( p s . P p £ i = iipjp;! 2 - tPjPtpsPftiPjE.r 1 

where p* and p* are the four—momenta of the antiproton and neutron 
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respectively, p. is th« magnitude of tht lab momentum of the ant<proten and E 

is tha lab energy of tha neutron. Tha "flux factor* is simply thf flux of btam 

particles as seen by the moving. off-mf.ss-shei! neutron divided by the flux of 

beam particles as seen by a stationary free neutron. Holding p. fixed. f(p..p .E) 

•* 1, as p •• 0. 

For interactions with a fixed beam momentum p. , we would expect to 

measure the cross section. 

• IP, ) = fdE *IE) /dp, |E/(2p pp,)l f(p,j> FX) g(ptJ 

where the factor E/(2p.p_) enters as the probability density for having pn CJR. 

energy E» givan a beam momentum p. and spectator proton momentum p.. (It is 

just the Jaeabian between cos 6. and E muIUpSed by the probability density for 

ces f p which is f la t ) Figure (10a) Sustrates the kinematic Emits of E and pp 

for p_ = 1 3 OeV/c In figure (10b) we show the kinematic Emits for a l of our 

nominal beam momenta to Hustrate the extent of the overlap in E. The 

theoretical spectator proton momentum spectrum g(p ) is also shown. 

Due to a finite spread in the beam momentum upon entering the bubble 

chamber and energy lest whfls passing through the Squid deuterium, we do not 

have a monochromitic beam. We nave calculated the mean value and standard 

deviation of the distribution of fitted beam momenta from the four—constraint 

pn annihaattofts into pions. These values were calculated for each nominal beam 

momentum and are shown in table (9). The distributions of beam momenta were 

consistent with Gaussian shapes for which the standard deviation of the 

Gaussian is equal to the standard deviation of the distribution. Ve shall denote 

the mean value and standard deviation of one of these distributions by p* and 
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»pj respectively. 

We finoHy obtain <»"(p!) by folding a'(p.) with o Gaussian to take the finite 

b*a-n spread into acc&unt. We therefore have, 

«-(p;» = s<&$ *'(p»> oip,*;) 

otp,*;> = <2«r'« («p;r* expi-^p, - P;P/UP;)*] 

a"(p!) is the cross stet'v* we would expect to measure at the nominal beam 

momentum denoted by p! if the true cross section were given by o-(E). 
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APPENDIX D. OETEKmNATION OF REACTION MOSS SECTIONS AS A 

FUNCTION OF CM. ENEXOY 

In this appends v* thai dtscr** th* calculation of reaction cress 

sections as a taction of CJR. energy E. when w* kn*w th* CA. energy of esch 

•vent. V* thai bin th* data into unal energy bins fiE, centered at El- We shal 

first consider data from only on* nominal beam momentum p! and gcncraEz* to 

nor* than on* later. Wt calculatt cross stctiens using th« formula. 

"ftW 
•tE,)*- ^ ^ 

p»»tp;^» 

whsra ntpJ.E,) is th* number of events in th* f energy bin. p 2 is th* number of 

dvuterons par unit velum* and ttpJ>E,) is th* pathlsngth associated with th* r* 

In th* spirit of appandfat C, «• partition th* total pathiength LtpJ) at e 

given nominal b*ara momentum into th* energy bins AE,. in th* f oeatring r»nn*r. 

Mp-J*) • UpJ) /dE (XpJJEJ 

HpJJD = Tap, Jap, tE/(2pfP|lJ ftp,*,Ji) g(p,) Olp,^) 

where aB of th*s* variables hove bun defned in appendix C. and w« us* th* 

same notation here. Asia* from th* flux factor" 1{pf&f£\, S(pJ.E) is Just th* 

prebabi&ty density for th* pn system to hav* its cjn. energy equal to E. Th* 

"flux factor" takes into account th* dependence of th* flux of beam partic&t 

on the magnitude and direction of the velocity of th* neutron. 

To combin* th* results at each of our nominal beam momenta, we sum 
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ths numerator and denominator of the equation for #{E,) over nominal beam 

momentum and get. 

As can be te tn from table (4), most of our 3 and 5-prong events are in 

the one—constraint and zero-constraint categories. For these categories we 

do not have an accurate measurement of the pn cjn. energy, since the 

spectator proton docs not leave a visfele track about 70X of the time 

far the four-constraint fits however, the pn cm. energy is weS 

determined although somewhat biased. A proton track which is too short to be 

seen in the bubble chamber is assigned a measured momentum of zero. For this 

reason, even the spectator momentum distribution resulting from the 

four-constraint fits is biased toward zero, and the resulting pn cjn. energy 

spectrum is too narrow. If we relax th* three constraints on the spectator 

proton momentum, we stiB have a constrained fit which results in a less biased 

measurement of the pn CJIL energy. 

We have performed one—constraint Tits on the reactions pd-*pBflr*2n~ and 

pd*p 2ff*3«~ in order to determine the pn cun. energy for each event. Ue have 

also used a s&ghtfy modified spectator proton momentum spectrum for the 

purpose of partitioning the pathlength. The modification [of g{p J] takes into 

account the errors of the fitted values of the proton momentum p . 

We have described the procedure used to calculate cross sections a s a 

function of CJn, energy. Figure (8) shows the resulting cross sections for the 

reactions pn-»n*2n~ and pn-»2w*3ti~. Curves shown are fits to the data which 

arm described in section V. 
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Tabic (la) Saw Scan Numfem far Flkn Scamd at Pasa«a 

topotogy 

1.0 

0-prong» 0 

2-prono* 0 

4-preng» 0 

6-prangs 0 

8-prongs 0 

l-prongx 0 

3-prona* 0 

5-prons* 0 

7-prongs 0 

total 0 

b«am tr. 0 

nominal b*om 

4 5 1 3117 1096 

2180 18548 5295 

2 4 3 8 Piyj1^} 6159 

4 6 5 3770 1234 

10 75 37 

3908 32771 i f p i g 

1648 14071 4349 

7 1 5 Km 1971 

2 2 177 58 

11837 99102 30411 

4 4 5 2 3 410508 115490 

ijum (0«V/e) 

1.4 IS L£ 

1203 925 981 

5849 4565 4600 

6671 5122 5324 

1347 1091 1182 

29 32 41 

11007 8355 S263 
4744 3625 3746 
2046 1638 1689 
74 49 65 

32970 25402 25891 
128141 103585 106321 



ToW* (lb) Raw Scan Numbtrs for Fibn Scarwud at Pisa 

topology nominal beam momentum (G«V/c) 

1.0 1.1 1-2 1_3 1.4 1-5 1.6 

O-prongs 0 531 3194 1093 1103 833 1014 

2-prongs • 2373 16051 5158 5395 4135 4913 

4-prongs 0 2746 17348 5993 6058 4548 5444 

6-prangs a 485 33S8 1144 1292 1051 1291 

8-prongs 0 19 1 1 1 33 54 33 60 

1-prongs 0 4340 28754 9373 9553 7268 8422 

3-prongs 0 1697 11928 4093 4046 3045 3470 

5-prongs 0 772 5611 1858 1947 1454 Ifttt 

7-prongs 0 28 2 3 0 73 78 61 78 

total 0 12991 86585 28818 29526 22428 26515 

beam tr . 0 49187 Tfiygfii 111304 117294 92249 110565 
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Tobls (IcJ RQW Seen Numbers for Film Sccnnsd at Torino 

topology nominal beam momentum lG«V/c) 

iJO 1-1 1-2 1 3 1.4 1.5 1-6 

O-prongs 2073 455 2258 1374 1165 981 1024 

2-pf>Qngs 8276 1994 9287 5549 4865 4315 4558 

4-prcngs 9267 2357 9992 6530 5432 4S33 5016 

o~pfon^ft 14S2 374 1745 l i e s 1093 1055 1078 

8-prcngs 37 16 5 3 31 32 2 9 47 

l -prcngs 16928 3936 mapq 11245 9769 8092 8466 

3 - V o n s s 7107 1557 7197 4456 3985 3345 3522 

5-prengs £989 654 3264 1991 1731 1501 1637 

7-prengs 101 2 8 108 6 3 57 54 58 

lotol 48260 11371 52129 32427 28129 24205 25406 

btam Ir. 168558 43192 207253 121659 109864 97526 104060 
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Tahtt (2a) Corrected Scan Numbers for Film Scanned at Padova 

topology nominal btam momentum (OeV/c) 

1.0 1.1 1-2 U 1.4 1.5 1.6 

O-prongs 0 540 3615 1312 1440 1107 1174 

2-prongs 0 2202 18190 5348 5907 4611 4646 

4-prongs 0 2462 20514 6221 6738 5173 5377 

6-prongs 0 470 3790 1246 1360 1102 1194 

8-prongs 0 10 76 37 29 32 41 

1-prongs 0 5151 42664 13412 14479 11034 10994 

3-prongs 0 1668 14273 4453 4832 3782 3931 

5-prongs 0 722 62S5 1991 2066 1654 1706 

7-prongs 0 2 2 179 59 75 4 9 66 

beam l r . 0 44S23 370689 115490 128141 103585 103321 
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Table (2b) Corrected Scan Numbers for Ftfan Scanned at Pisa 

topology nominal beam momentum (GeV/c) 

1-0 1.1 1.2 1-3 1.4 13 1.6 

O-prongs 0 629 3668 1295 1307 987 1202 

2-prongs 0 2373 XS5B6 5158 5395 4135 4913 

4-prongs 0 2746 17315 5993 6058 4548 5444 

6-prongs 0 485 3342 1144 1292 1051 1291 

8-prongs 0 19 111 33 54 33 60 

1-prongs 0 5728 37552 12455 12713 9673 11269 

3-prongs 0 1701 11965 4152 4129 3153 3624 

5-prongs 0 772 5611 1858 1947 1454 1823 

7-prong* 0 23 230 7 3 78 61 78 

beam tr. 0 49187 327122 111304 117294" 92249 110565 
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Tobl* I2e) Corrcettd Scan Numbers for Film ScaAntd ot Torino 

topology nominal beam momentum (GcV/c) 

1.0 1_1 L 2 1 3 1.4 L S L.6 

O-prongs 2446 539 2632 1628 1381 1162 1213 

2-prongs 8244 1994 9145 5549 4865 4315 4558 

4-prongs 9265 23S7 9982 6530 5432 4833 501S 

6-prongs 1481 374 1741 n c a 1093 1055 10 /8 

8-prongs 37 16 S3 31 32 2 9 47 

1-prongs 20738 4 8 4 1 22240 13832 12014 10028 10499 

3-prongs 7103 1561 7244 4520 4063 3459 3667 

5-prongs 2989 6 5 4 3254 1991 1731 1501 1637 

7-prongs 101 2 8 108 6 3 5 7 5 4 S3 

b«am tr. 166367 43192 196679 121659 109664 97526 104060 
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Tabu (31 Tooolaaisal Cress Sections (no) 

tepelogy rwreiftal beam mom«ntu» (GaV/cl 

1-0 1.1 1-2 1.3 1.4 US 1.6 

O-pronas 9.72 8L50 7 3 8 7.90 7.61 7 3 3 7.J2 

± .47 ± 2 9 ± 2 1 t 23 ± 2 3 t 22 * 22 

2-prongs 32,75 32.73 31.99 3 0 3 1 29.91 2 9 5 4 2 8 B 3 

± .76 ± .53 ± .41 ± .42 ± .41 l .42 ± .41 

4-eronas 3&81 37.70 3 5 3 1 35.3B 33.71 32.91 32.36 

± .84 ± 2 9 1 .45 ± .48 ± .46 ± .46 t .44 

6-prongs 5 £ 8 6 5 9 6 5 6 6.75 6.92 7 2 5 7 2 6 

± 2 0 ± 2 0 ± .11 ± .14 ± J.4 ± J 5 t AS 

S-prongs JS 2X J.7 J9 A9 2X 3 0 

± .02 ± JOS ± SO. ± SO. ± SB. ± .02 t .02 

1-prangs 8 2 3 8 7 8 3 4 76.60 7 4 ^ 2 7 2 5 4 6 9 5 2 66.95 

±2.42 ± 1 3 8 1 1 2 9 ± 1 2 9 ± 1 2 5 ± 1 2 3 ± 1 2 1 

3-prtmgs 2 8 2 2 2 4 5 6 2&00 24.77 24J16 23.47 2 2 3 7 

± . 6 7 ± . 4 4 ± 3 3 ± 3 6 ± 3 5 ± 3 5 ± 3 3 

5-prongs 1 X 8 7 10.71 1 1 3 2 1 1 0 ? 1 0 6 2 10.42 1 0 5 5 

± 3 3 ± 2 6 ± .16 ± -19 ± - 1 9 ± . 1 9 ± J.9 

7-pronss .40 3 8 3 7 3 6 3 3 3 6 .41 

± . 0 4 ± . 0 4 ± .02 ± J 3 3 ± . 0 3 ± JOB ± X53 



ToMe (4a) Events af •sen Hypothesis in tha 

Proton Hsatanta lass than 150 flaV/c 

3 arenas with Spectator 

P*1>.«*2»-

pd*pe«*2«-»* 

5»>p.irir«-«« 

pa^p.K*ir«-(iK««) 

pd«p.K>2s-U»kK) 

pd*p,«*IT«-(iiiml!) 

P*»P,PP*~ 

noaMrw] baam momentum (OeV/c) 

1 0 14, 1 2 U 1.4 I S 1-6 

256 177 979 430 383 263 252 

U6B 849 4364 2048 1937 1415 1411 

2789 2245 12796 5719 5639 4*68 4713 

39 27 173 66 48 33 50 

37 182 109 

190 

( m rafaranca 6) 

76 

63 

64 

69 

1. p inolcates a stopping proton. 

2. (mmff) and (mmK) indicate missing nautrols with invariant mass greater 

than a s* and K" respectively. 



Toil* Me) EvcnU of «aeh Hypothesis in the 

Proton Momenta k i s than 150 noV/c 

5-pronqt with Spectator 

pd*p l2* ,3«-** 

gii*p.2s*3s-lns=s> 

pd*p.K*«*K-2«-

p*»P.K*»*ir2«-«-

p*»p,lC*«*3»-i> 

s**p t2«*ir2«-ic 

pa>ppK*«*ir2«r(miM) 

Sd-»p#K*w-3»-(™iK) 

pd*p_2.*K-S«-(m>iK) 

nominal beam momentm (OeV/c) 

LO 14 1£ 1 3 1-4 15 U 

381 306 1723 814 754 S B 624 

709 610 3459 1637 1707 1352 1400 

422 360 22S2 1046 981 eBS 990 

14 14 79 48 46 42 50 

15 19 14 14 

1. p, indfcatts o stopping proton. 

2. (mmv) and CmraK) indicate missing neutrals with invariant mass greater 

then a n* and K* respectively. 
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TabI* (5) Topological Cross Sections" for pn (mb) 

topology nominal boom momentum (C«V/el 

1M 1.1 12 1,3 1.4 L5 1.6 

3-tK-ongs 4a87 3557 3620 35.87 34.99 33.99 33.12 

± .97 ± .64 ± .48 ± .52 ± 5 1 ± .51 ± .48 

5-prongs 16.79 15.15 16.02 15.59 15.02 14.74 14.93 

± .47 ± 3 7 ± .23 ± .27 ± .27 ± 27 ±.27 



Table (6a) Reaction Cro» Sections for 3-prongs (mb) 

prv»«*2e" 

pn*w*arn* 

pn-*«*2«~(mm*) 

pn«IC*K-«-

pn*K*K-«-»* 

pn»K,2e-K» 

pn*K*K"*"(mra«l 

pn»K*2«-(mniKl 

pn*^*K-*"(n»iK) 

pn-»ppn~ 

nomeial beam momentum (GeV/cj 

JJJ 1J. L2 1 3 1.4 1 5 1.6 

2.41 1^5 1.84 1.72 1.50 124 1X6 

± A£ ± -14 ± .06 ± .09 ± .08 ± .08 ± .07 

ia96 a s s a so &21 757 t e a 6.02 

± 5 8 ±.47 ± 3 6 ± 3 9 ± 3 6 ± 3 3 ± 3 0 

2&21 33.41 24.04 £2.92 SZJOS SUB ZUZ 

± £2 ± SZ ± .48 ± 5 2 ± 5 0 ± .49 ± .47 

3 7 3B 3 3 S& A3 A£ 23. 

± .06 ± .05 ± .02 ± JJ3 ± . 0 3 ± .03 i .03 

.49 3 9 3 4 .44 3 0 25 Z> 

± . 0 7 ± .06 ± .03 ± JO* ± XS ± JCB ± JOS 

3 0 .26 3 6 3 3 29 30 .29 

± .05 ± .05 ± .03 ± . 0 4 ± . 0 3 ± .04 ± .04 

J2 54 1JJ3 1.98 i l O 4.27 5J3 

± .03 ± .07 ± .04 ± .10 ± A3 ± .17 ± J 9 

1. Cross sections for the reaction pn*ppw~ have been taken from 

reference (61 and corrected for the shadow effect and feed-up". 

2. (mmtr) and (mmK) indicate missing neutrals with invariant mass greater 

than a a* and K" respectively. 



Tabl« (6b) Rtociion Cross Sections for S-prongs (mb) 

pn-.2s* 3s" 

pn-»2o*3trir* 

pn-»2«*3w~[mm«l 

pn*!f»'K-a«-

pn*K*w*K-2«-«» 

pn*K*«*3«-K« 

p^anc-a*-** 
pn-»K ,« <K-2»-[mm«) 

pn-»K**»3«~(mmK) 

pn-»2a*!r2!r(mmK) 

nominal beam momentum (GeV/c) 

1X1 1J. 1 2 1 3 1.4 1 5 1-6 

4 J S 1 5 9 3.66 1 5 6 3.23 34.6 3.03 

± .22 ± .20 ± . 0 9 ± .13 ± .12 ± J 3 ± .12 

7.79 7.16 7.32 7 J £ 7 3 2 6 B 0 t f i l 

± 3 8 ± 3 5 ± .26 ± 3& ±39 ± Z? ±32 

USA 4 .23 4 3 3 4 5 ? 4.21 4.47 4.76 

± 3 3 ± 3 0 ±35 ±36 ± .26 ± 2 5 ± .25 

.15 .16 .17 .21 .20 .21 .24 

± £M ±.04 ± .02 ± X3 ± XS ± XS ±.03 

.02 a £ 3 .08 .06 X » .07 

± . 0 2 ± . 0 1 ± X U ± X C ± . a 2 ± X I ± XB 

a Xll .00 .01 XII .04 .01 

± .01 ± 0 3 1 ± SSI ± .01 ± .01 ± J31 ± XII 

1. {mms) and (fnmK) indicate missing neutrals with invariant mass greater 

than a o* and K* respectively. 
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Tab!* (7) Resonance Fits vs. p 

riacticn 

3~pron9 annih. 

pn*s*2s~ 

pn-»«*2s~«* 

pn*»*2a~(mm*) 

5-prongs 

pn*2«*3«-

pn-»2«*3«-«* 

pn*2»* 3»~ (nm*) 

pn-»«*2e-

pn*2»*3«-

pn-»«*2w-«« 

NOr X 2 CL TI219G) (mbl UI2350) (mi) 

3 6.1 IIS 6.01i2.59 73614.99 

3 1.0 eos n«<6tn,m a29±a<t9 

3 13 612 3J.7±156 33911.91 

3 16 3U 1.9512.47 139±£39 

3 6.4 9X 3,26±135 SL27±2.89 

3 1 3 63% 053106^ 0.97±1J.8 

3 1 3 681 nRBtITi 130±3J31 

3 3 9 271 0.73±L23 254x251 

3 2 5 475C l£9±a74 1 Trtl 71 

3 3d 39t i98±2_L6 6 ?!+»,«? 

1. (mm*) irvScates mtssxtg neutrals with invariant mass greater than a 

2. The amounts of T and U-meson ore the fitted values of o^ and Oy 

respectively. 
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Table (8) Resonance His vs. E 

reaction NDF 

pn-»«*2n~ 11 

pn-»2o*3ir 1 1 

pn+v*2s~ 11 

pn-*-2n* ZtT 

X 2 CL T12190) (mb) U(2350) (mb) 

133 27S O37±0L17 OfPtOPfi 

9.1 622 nSKOS6 0,83tO,S5 

11.7 39% 01901031 096±aSS 

1. The amounts of T and U-raesen or* the fitted values of a^ and a^ 

respectively. 



Tobtt (9) Beam Momentum Distributions 

nominal beam momentum (GeV/c) 

US U . 1-2 1 3 1.4 U5 U> 

mean »ahl* .939 1-104 U S 9 L S I 1.401 1507 L60S 

standard deviation JUS .019 .016 .216 .019 XSS .023 
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FIGURE CAPTIONS 

1 The unfolded 1=1, NN cross section from reference (1). 

2 Illustration of the topologies scanned for and grouping of the topologies 

for the purpose of extracting pn cross sections. The topologies are grouped 

so that a short dark stopping proton track is considired a "spectator" of the 

pn interaction. 

3 pd total cross sections measured by this experiment using the events 

scanned a t each of the three ItaEan labs separately. Also shown is the mare 

accurate measurement by a high stat ist ics counter experiment whose errors 

art typically about ±0.15 rab.x 

4 Our statistical separation of the one-constraint and zero—constraint 

^-annihilations at each nominal beam momentum. The histograms are combined 

missing mass spectra of the reactions: pd*p n*2n~n* and pd-*-p «*2tr"(mmo) 

for the 3-prongs; and pd*p 2n*3fl"«* and pd*^p-2n*3n~(mmti) for the 

5—prongs, (mmo) indicates missing neutrals with invariant mass greater than a 

n*. The curves shown represent the predicted spectra for each reaction and 

their sum. They are based on the results of our separation. 

5 Our shadow corrected 4 and 6-prcng cross sections are shown in {a) 

and (b) respectively (s = 1 114), For comparison we also show the 

corresponding pp topological cross sections from other experrmentS-

4 9 



6 The results of cor rec t ions for the shadow effec t and loss of long 

spec ta to r protons for our 3 and 5-prongs. (s = 1.114. l + f 3 = 1-30, l + f s = 

3-27) 

7 Cross sections vs . nominal beam momentum for the react ions: (a) total 

3-preng annihilations, (b) pn-»n*2n~. (c) pn-*n*2n"ii*, (d) pn*TT+2Tr~(mmn). (e) 

total 5-prongs, (f) pn-*2tr*3Tr, (g) pn-»2n*3Trn°, (h) pn*2n*3«"(mm«J. (i) the 

sum of (b) and (f), and (j) t he sum of I d and lg). Curves shown a r e described in 

the text , (mirm) indicates trussing neutrals with invariant mass g rea t e r than a 

«•. 

8 Cross section v s . c jn . energy for the react ions: (a) prv*n*2n~, (b) 

prv»2tr*3tf" and (c) t he sum of (a) and (b). Curves shown a r e described in the 

text. 

9 Histograms of the invariant mass of tf*p and fl~p combinations in the 

reactions: [a] pd-»p w*2tf~ and (b) pd-»p 2tf*3ir~ for aD nominal beam momenta 

combined, [p^ indicates a stopping proton.) We see a depletion of events in the 

n*p mass region around t h e A&236). 

1 0 Kinematic Emits tn E (cjn. energy) vs. p ( spec ta tor momentum) for (a) 

the beam momentum p = 1 3 GeV/ci (b) for afl beam momenta. The theoretical 

specta tor proton momentum spectrum glp ) is also shown. 
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Figure (4a) 1.0 GeV/c 
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Figure (4b) 1.1 GeV/c 
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Figure (4d) 1.3 GeV/c 
i i i i i i i i i I i i i i i i i i i i i i i i i i i i i i 3 0 0 I i i • i i • < < i i i < • • i • • • 

3-prongs 
H 250 

200 

1 5 0 

100 

5-prongs 

50 

•.uat-PT^.L , - f - r : . - i - , . - . . ^ ! n 
3 - 0 . 2 - 0 . 1 - 0 . 0 0.1 0.2 0.3 -T) ^0.1 0.0 0.1 0.2 

mm* (CeV«) -



300 

1250 

111 

usoo 
a 

150 
IH 
41 
P. 
nlOO 

* l 

c 
ai 50 

-«b 

Figure (4e) 1.4 GeV/c 
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Figure (4f) 1.5 GeV/c 
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Figure (4g) 1.6 GeV/c 
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Figure (7b) 
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Figure (7c) 
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Figure (7e) 
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Figure (7f) 
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Figure (7i) 
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Figure (7j) 
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Figure (8b) 
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Figure (8c) 
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Figure (10a) 
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Figure (10b) 
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